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Abstract 
 
The present work has been carried out within Airbus Operations ltd in the 
Landing Gear Design and Analysis team. 
Modelling and Simulation is a more and more important part of aeronautical 
engineering supporting the design of an aircraft from the first step of the design to 
the entry into service and helps giving answers and suggestions during the whole 
process, before decisions are made. 
    
This dissertation presents the development of an aircraft Braking Control System 
Hydraulic model for real time simulation application. The tool used is Simscape, 
an object oriented tool which supports the engineer in analysing systems 
behaviour by representing physical systems in a virtual models.  
The model is a development of a complex non-real time model built in LMS 
Amesim. A process of simplification and validation in order to reach high 
reliability, stability and Real-Time simulation capabilities has been applied. 
This process starts with the validation of single components like valves, orifices 
and brakes and ends with the modelling of the whole system. 
Particular attention and time have been spent on the creation and the validation of 
the servovalves, which were designed from very complex Amesim component 
models only available as “black-boxes”. 
That implies that it is impossible to access the internal architecture and the user is 
only permitted to evaluate its inputs and outputs, without knowing all the 
parameters.  
Further work has been necessary to meet the real-time simulation requirement, 
switching from a Variable-step solver to a Fixed-step-fixed-cost one, looking for 
the right step and bringing modification to the structure. 
 
The purpose of this dissertation is to develop a model running with the specified 
time-characteristic in order to be implemented in a test platform, where the whole 
Landing Gear system can be tested, i.e. hardware in the loop (HIL). 
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Introduction 
 
 
The following dissertation is part of a 1 year internship in the ELYD Design and 
Analysis team of the Landing Gear department in Airbus Operations Ltd, UK.  
 
The task given over this period has been to develop an aircraft Braking Control 
System hydraulic model by following a process of simplification from the more 
detailed one delivered to the company by one of its suppliers. The aim of this 
process is a real time model able to run in the real-time test platform. 
Part of the model development process is the substitution of some of the elements 
of the system as well as the creation of new components in order to reduce the 
simulation time. 
Particular attention and time has been spent on the servovalves and on the brakes 
because of the impossibility to access their internal structure by users external 
from the suppliers’ company.  
In order to develop and validate the simplified servovalve models, standalones 
models of the black boxes have been built. By correlating the inputs with the 
outputs an appropriate simplified model can be built. 
 
The work has been carried out on a Mathworks’ package tool, Simscape, and in 
particular the SimHydraulics library. It is an object oriented tool which maintains 
the same user interface and functionality as Simulink but makes more intuitive 
and faster the representation of physical systems by eliminating the need of 
writing equations behind them. 
 
In the first chapter it is given a description of the team in which the work has been 
carried out and a general overview of the landing gear and the braking control 
system. The second chapter provides the details of the steps taken through the 
model development process, giving an explanation of how the components 
involved and the tool used work.  
The functionality and the validation of user-created objects like brakes and 
servovalves is widely shown through the use of graphs from initial subparts 
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models to the final overall assembly, highlighting all the “tuning” done during 
each stage. The fact that servovalves have been delivered as “black-boxes” by the 
supplier has suggested a different approach for the validation process, which is 
also presented in this section. 
  
In the third chapter all the assumptions and modifications made in order to 
achieve real time simulation capabilities are presented.  
Results in terms of validation with the suppliers’ model and simulation time for 
the whole system, along with its stability and accuracy will be presented in the 
form of graphs and tables. 
 
All figures in this thesis have been simplified and are illustrative purposes only. 
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1 Research Context 
 
 
 1.1 Design and Analysis Team Organisation 
 
The Landing Gear Design and Analysis team is a part of the Landing Gear Centre 
of Competency within Airbus UK. Its main task is to create virtual models that are 
capable of verifying technical requirements and verify and validate different 
Landing Gear Systems using a wide, continuously improving range of techniques. 
 
The team works with a high sense of team-working and together with others 
teams in order to meet all the customers’ needs. Main customers are, for instance, 
“Braking and Steering” or “Extension/Retraction” design teams, Landing Gear 
chief engineers and test  platforms. 
 
The group is divided in the following four teams: 
 
• ATA32 Aircraft Modelling; 
• Avionic Systems Modelling; 
• Physical Systems Modelling; 
• Simulation and Software Integration. 
 
The present work has been carried out as part of the Physical Systems team. 
 
 
1.1.1  Physical Systems Modelling Team 
 
The Physical Systems Modelling Team is responsible for the hydraulic and 
mechanical modelling of the Landing Gear Systems.  
The team provides models for two main areas: Landing Gear Extension/Retraction 
Modelling and Landing Gear Braking and Steering Modelling. 
The models are generally used for the following purposes: 
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• Performances evaluation; 
• New design solutions trade off studies and sensitivity studies; 
• Failure cases analysis; 
• Support validation of requirements; 
• Landing Gear Desktop Simulation; 
• Landing Gear Virtual Validation and Verification Rig; 
• Support validation activities at aircraft level; 
• Support Landing Gear System rig; 
• Provide Landing Gear models for Aircraft Integration Flight Simulators. 
 
 
1.2  Model Based Engineering (MBE) 
 
1.2.1   Overview 
 
The Model Based Engineering is a set of processes, methods and tools in the 
current design assessment processes used to evaluate the design of aircraft or 
Landing Gear functions during both the design phase and in-service stages. 
 
 It also helps with giving a traceable account of all the activities performed within 
a program development, with defining roles and responsibilities specific to it, 
defining strategy for Landing Gear systems to satisfy the verification and 
validation plan, specifying all the deliverables specific to each function. 
Moreover it provides design teams with models that help with supporting 
feasibility studies during the concept phase of an aircraft, system predictions 
during the development phase, virtual and functional testing during test phase and 
in-service studies and modifications.  
 
 
1.2.2  Main Steps of the MBE process 
 
The Landing Gear MBE process can be split up in five main steps, each of which 
can once again be divided into sub-processes, fig.1.1. 
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Fig.1.1 - MBE process 
 
Capturing Model Requirements 
 
In this phase the generation of a list of functions on which to base the Model 
Specification, validation and review of its requirements is done. 
It is usually derived from the Model Functional Performance Requirement 
document (MFPR), housing all the models and simulation requirements for 
Landing Gear systems. 
At the end of this stage a Model Requirements document is issued. 
 
Writing Model Specification 
 
The scope of the model has to be defined and how the functions stated in the 
previous stage are implemented in the model has to be shown. 
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At the end of this step a Model Specification (MS) document is issued and it has 
to demonstrate how the model meets the requirements as specified in the MFPRs. 
They are usually given guidelines to be followed during the building process. 
Along with the MS a Model Verification Plan is issued where it is stated how to 
perform tests in order to check requirements in the MS are fulfilled. 
 
Building the Model 
 
This is when the “DO-phase” starts and where the actual building of the model 
begins. It has to be done with compliance with the MS requirements and, when 
done, a Model Check list helps checking its performances.  
Along with the checked model itself, a Model Description Document is issued. 
 
Checking the Model 
 
The model must perform all the tests stated in the Model Verification Plan 
previously issued. At the end of this stage the model is verified and a Model 
Verification Report is issued. 
 
Delivering the Model 
 
The validated model is completed with supporting documentation in a single 
entity, which is subsequently ready to be provided to the model customer.  
The model and associated documentation, when they reach a certain level of 
maturity, are recorded within the model Versioning Control System: the model 
can therefore be shared between users to be reused and integrated onto different 
platforms according to an electronic data plate that bears its definition and 
handling conditions. 
 
Integrating the Model and Performing Tests 
 
The objective of this process is to establish if the model is suitable for use in the 
target test environment. Therefore the model is integrated with the others in a 
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platform and it is assessed on whether it works or not, and in case not where the 
deficiencies are.  
Test results are then reviewed and compliance with system, platform and model 
requirements is assessed. 
The deliverable from this phase is the released Model Test Platform, which 
summarises the results of integration and validation tests performed by model 
integrators. 
 
 
 
Fig.1.2 - ATA32 V&V Plan 
 
 
 
 
Validating a Model 
 
After performing all of these steps the model can be considered validated when 
and if it can be used for decision-making. 
The model must meet the intended requirements in terms of processes, methods 
and tools used, it must behave like the real world system and it has to provide 
accurate information about it.  
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The highlighted box in fig.1.2 is where the model built with the present work can 
be placed when it will have gone through all the above stages. 
Moreover, as it can be seen from the same picture, this model is placed in the 
level 1 box. The difference among the three models levels is the degree of detail, 
which increases going from Level 0 to Level 2. 
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1.3  General overview 
 
 
The Braking Control System (BCS) taken into account in this dissertation 
represents an architecture that is common to many aircrafts and has got all the 
main functions typical of such a system.  
This BCS is part of a mid-long range commercial passenger aircraft. That means 
that as all the other systems, it has to comply with all the safety and redundancy 
requirements in order to receive the commercial certification. 
 
 
1.3.1  Landing Gear Overview 
 
Before going into details of the BCS, an overview of the Landing Gear is given. 
The landing gear configuration that is dealt with in the present work follows the 
usual arrangement with one Nose Landing Gear (NLG) and two Main Landing 
Gears (MLG). 
 
 
 
 
Fig.1.3 - Aircraft main landing gear 
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Typical for most of current passenger aircrafts, the BCS is a part of the MLG 
while the Nose Landing Gear (NLG) has got other functions like steering on the 
runway or carrying a small part of the ground load.  
Main landing gears, fig.1.3, are attached below the left and the right wings to the 
rear spar and to a beam that goes from the same spar to the fuselage. 
They retract into the bay of the fuselage, which is supplied with doors that open 
and close when commanded. 
 
 
1.3.2  Braking System overview 
 
The BCS is one of the key parts of the main landing gear. It is in charge of 
providing the aircraft with means of decelerating on the runway when 
commanded. 
 
BCS is a subsystem of ATA32, which includes all the Landing Gear systems of 
the aircraft, i.e.: 
 
 Braking and Steering Control System (BSCS); 
 Landing Gear Extension/Retraction System (LGERS); 
 Landing Gear Monitoring System (LGMS) 
 
ATA32 systems are provided with hydraulic power by the ATA29 system, which 
is where the hydraulic power for the whole aircraft is generated. 
It is composed of two different Hydraulic power sources independent of each 
other, the Green and the Yellow one. Generally, the main reason of this 
independency is the redundancy and the safety guidelines as part of aeronautical 
engineering. 
Each of them, in fact, has got the same functions and in many systems they are 
used alternatively as main or by-pass power sources in order to avoid that a 
failure of one of the hydraulic systems would be catastrophic to the aircraft. 
In the BCS they are not used alternatively but together, each one commanding a 
group of wheels both in the left and right landing gears. 
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In case one of the power sources is lost, landing gears can still brake, although 
the force is reduced. 
Fig.1.4 shows the arrangement taken into account in the present work with two 
four-wheel bogies, one left and one right.  
 
 
1 2 
5 6 
3 4 
7 8 
FWD 
 
Fig.1.4 - Wheels’ brakes power source 
 
 
Specifically the yellow system “controls” the two front wheels and the green one 
the rear ones.  
 
Main functions of the Braking Control System are the following: 
 
 Receive pilots demands 
 Provide braking during taxiing, landing or in the event of a landing 
abortion 
 Provide automatic braking during the same phases as above 
 Prevent wheels rotation when parked 
 Arrest wheels rotation after take-off 
 Provide differential ground braking for manoeuvres 
 Provide anti-skid functions 
 Measure and indicate system status and failures to the cockpit 
 Refill the accumulators 
 
All of these functions can be controlled by the pilot through a set of crew controls 
like: 
 
 Brake pedals 
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 Park brake handle 
 Autobrake/RTO pushbutton 
 A/Skid ON/OFF switch 
 Accumulator refill pushbutton 
 
 
BPTU 2 (F/O) 
BPTU  1 (CAPT) 
CAPT Side 
F/O Side 
 
 
Fig.1.5 - Brake pedals layout 
 
 
The mechanical displacement of the pedals, fig.1.5, given from the pilots is 
measured and converted into voltage, though making it available as a command to 
the circuit. 
 
 
 
 
Fig.1.6 - Park Brake handle 
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The park brake handle, fig.1.6, has only two positions, ON and OFF, and will stay 
in that state until a new command is given. 
The schematic design of the BCS is shown in fig1.7, respectively for the “yellow-
supplied” and the “green-supplied” circuits. 
 
 
 
 
 
 
Fig.1.7 - BCS structure 
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Main components of the BCS, also represented in the pictures, are: 
 
 ATA 29 hydraulic energy supply (Green and Yellow) 
 Pressure Limiting Valve (PLV) 
 Normal Brake Selector Valves (NBSELV) 
 Alternate Brake Selector Valve (ABSELV) 
 Park Brake Selector Valve (PBSELV) 
 Normal Servovalves (NSV) 
 Alternate Servovalves (ASV) 
 Shuttle Valves 
 Pressure Relief Valves (PRV) 
 Accumulators 
 Pipes 
 Check Valves 
 Brakes 
 
Both the Yellow and the Green BCSs have three main Braking modes: Normal, 
Alternate and Park Braking mode. 
The Normal Braking is the normal configuration of the BCS. 
It is made of two selector valves (NBSELV), each of which is connected to two 
servovalves (NSV) allowing flow to two wheels. Pressure is supplied by the 
ATA29 Hydraulic systems. 
In the case a fault occurs in the Normal Braking circuit, the Alternate Braking is 
still available.  
In the Alternate Braking mode the hydraulic energy is given by an accumulator 
providing flow to two servovalves (ASV) thanks to the opening of an alternate 
selector valve (ABSELV). Each one of the two ASVs are connected to two 
brakes. 
The Alternate Braking mode can still absolve all the main functions of the Normal 
operational mode like symmetric and differential pedal breaking through left and 
right pedals, automatic braking, anti-skid protection, automatic differential 
braking, brake release during pivot turn and accumulator refill in flight. 
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Park Braking mode for an aircraft can be seen as the equivalent of the hand-brake 
in a car. It is commanded by the opening or closing of a Park Brake Selector 
Valve (PBSELV) connected to both the ASVs. Pressure comes again from the 
accumulator. Main difference with Alternate Mode is that in Park Braking Mode 
full accumulator pressure is applied to the brakes. 
 
For the Normal Braking mode, the ATA29 system provides supply pressure at a 
limited value and before making it available to the BCS it is limited by the 
Pressure Limiting Valve (PLV). 
Downstream of the PLV there are two NBSELVs that enable the fluid to flow 
either into the left or the right circuit. 
They are ON/OFF valves and they are electrically commanded by the cabin crew, 
who sets their state to completely open or completely closed. 
When NBSELVs are open, the flow goes to the Normal Servovalves (NSV) that 
can be commanded within a range of current that goes from 0 mA to a maximum, 
depending on the amount of braking needed. 
For each value of the current the servovalve responds reaching an equilibrium 
pressure. The higher is the command, the higher is this pressure.  
A more detailed description of how servovalves work is given in paragraph 
2.2.10. 
Between the servovalves and the brakes there is a set of SHUTTLE VALVEs that, 
according to the pressure differential on two sides, switch from the NBSELV to 
the ABSELV, allowing either Normal Braking mode or Alternate mode and Park 
Braking mode.  
When NBSELVs are both closed, isolating the braking circuit from the hydraulic 
supply, and ABSELV is open, the Alternate Braking mode is on and the pressure 
flows from the accumulator into the ASV and then, through the shuttle valves, 
into the brakes.  
Alternate servovalves can be also commanded with a current going from 0mA to 
40 mA, but have slightly different behaviour from the Normal servovalves. 
An ON/OFF pilot-commanded Alternate Refill Valve (ARV) between the ATA29 
pressure source and the accumulator allows the latter to be refilled when needed. 
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Another function of the ARV is to isolate the “Alternate mode circuit” from the 
ATA29 power supply. 
 
 
Fig.1.8 - Normal Braking pressure control loop 
 
Pressure transducers are then provided for ABSELV, NBSELV and accumulators 
to measure and report pressure values to the RBCU, that provides the system with 
a control loop, fig.1.8, in order to minimise brake filling time, ensure smooth 
breaking at low demands and minimise brakes temperature scatter. 
 
 
 
Fig.1.9 - Alternate Braking pressure control loop 
 
The braking order coming from brake pedals is compared with the current 
pressure value and enters the control loop, which, through the servovalves, gives a 
corrected braking order as output. 
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The pressure is then measured again by the pressure transducers and its new value 
goes back for the next cycle. 
The difference between the normal and the alternate loop is that in the latter two 
brakes pressures must be checked, only the higher of which is taken as feedback, 
fig.1.9.  
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2   Model Development 
 
 
The purpose of the project is to build the complete Braking Control System model 
from the power source to the brakes, encompassing both the Yellow and the 
Green circuits. The software used is SimScape, a Mathworks tool. 
The hydraulic power source will be modelled only with an ideal pressure source 
as it is not the aim of this BCS system to go into the details of how the pressure is 
generated. 
 
The model development process starts with the simplification of the BCS model 
built by one of the Airbus’ suppliers with the use of the software LMS Amesim.  
The model has been delivered to the company in the form of non-real time Level 2 
one. Level 2 models are the most detailed according to Airbus standards. The aim 
is to simplify each of its components trying to match as much as possible the 
behaviour of the system. 
The reason for the simplification carried out during this project is the need to have 
a Level 1 model, capable to run in real-time, in order to be implemented into the 
landing gear real-time platforms. 
 
This characteristic wouldn’t match with the complexity of a Level 2 supplier’s 
model, hence the need of a Level 1 model. 
Replacing detailed objects with simplified ones reduces computational times and 
real-time simulations can be achieved.  
 
 
Fig.2.1 - Amesim Shuttle Valve 
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This does however have a negative impact on the accuracy of the results when 
compared to the more detailed model.  
Fig.2.1 and fig.2.2 give an idea of the simplifications made, for example, for a 
relatively simple object like the Shuttle Valve. 
Amesim Shuttle Valve is built with high level of detail, with the representation of 
the spool, the mass and all the orifices through which the fluid flows. In SimScape 
this detailed structure has been replaced by a simple calculation where pressure 
measurements on both sides A and A1 are involved. The graph on the right side of 
fig.11 is the logic behind it giving the orifices’ area value depending on the 
pressure differential (pA1-pA). 
 
 
 
Fig.2.2 - SimScape Shuttle Valve 
 
 
In the simplified model, the dynamic of the spool movement is not considered. 
That means that in every step of the modelling the best balance between the 
accuracy of the results and real time characteristics has to be evaluated, choosing 
the best compromise. This has often led to the extreme simplification of some of 
the components which has been considered not to affect too much the overall 
behaviour of the system. That of course implied, like the example given above, 
the loss of the dynamic of some parts of the model. 
Other components behaviour turned out to be vital for the overall system 
functionality, requiring them to be built with a high level of detail. That was the 
case for the servovalves and brakes. 
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The modelling method for servovalves, however, has been different from all the 
other components. In the Amesim model, in fact, servovalves have been enclosed 
in black boxes and the supplier hasn’t given external access to them. That means 
that they can be used to build systems and to run simulations but the user can’t see 
how they are built and what components they are made of. As a consequence, no 
changes can be done either. 
 
The approach in this case has been to assume that the inner servovalves structure 
reflects the design of most common ones and to try, through the building of 
standalone models and the study of their outputs, to tune the object in order to 
validate their behaviour against the Amesim one. This has been carried on both for 
the Normal servovalve and the Alternate servovalve. 
 
Brakes have required a similar level of detail as the supplier’s model but a 
development of a new component by modifying the SimScape language code 
behind an existing one was necessary. 
 
After creating the simplified component models and validating each of them 
against their respective in Amesim separately, the entire BCS has been assembled. 
 
After further tuning once all the objects have been linked together, results have 
been checked and validated again, this time against the complete Amesim model. 
In order not to lose the computational precision during all the simulated time, a 
Variable step solver has been chosen since the beginning of the work. 
 
In order to achieve real time simulation, at the end of the validation process the 
Variable step solver has been switched to a Fixed step-Fixed cost solver, trying to 
find the best step size in terms of accuracy and time required for the computation. 
 
While, in fact, a too large sample time might not be able to give a precise 
calculation because of the fast dynamics of some parts of the simulation, a too 
small step might be too slow for the platform requirements. 
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A suitable number of computational iterations during each step has also been an 
important parameter for the purpose of this investigation. The achievement of 
real-time simulation has needed also some modifications in some parts of the 
model. 
 
 
2.1  Software overview 
 
This section gives an overview of the software applications in order to give a 
better understanding of how they work, how components have been built and 
connected together and how complex and simplified models relate to each other. 
The tools used are SimScape and Amesim. 
Both of them are what we can call Object-Oriented tools. Unlike other modelling 
tools like Simulink, in fact, systems are not represented in the form of equations 
but how they appear in reality. Equations are embedded. 
 
 
 
 
Fig.2.3 - Amesim libraries 
 
 
That means that the user doesn’t have to follow the long and very difficult process 
of writing down the equations of each component and link them together but he 
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can “simply” connect on the desktop all the objects from the library (fig.2.3) like 
he would do it in reality, see components in fig.2.4.  
Libraries in fact are made of springs, masses, actuators, sensors, coils et cetera 
that have got their own equations already embedded.  
What they need are the geometrical values and the initial conditions depending on 
the system they are part of, fig.2.5. 
 
 
 
Fig.2.4 – Samples of Amesim objects 
 
 
 
Fig.2.5- Amesim parameters window 
 
It is quite obvious that such an approach simplifies and accelerates a lot the work 
of the model, though giving him also the possibility to create his own object in 
case there wasn’t a suitable one in the libraries. That means also flexibility.   
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2.1.1   Amesim Overview 
 
For the purpose of this dissertation Amesim has been used mainly to run the model 
delivered by the supplier and to build standalone versions of servovalves and 
brakes. 
Functionality and main characteristics have already been described in the previous 
section. In fig.2.6 we can see the Amesim interface. 
 
 
Fig.2.6- Amesim interface 
 
 
The platform provides with certain functionality for each step of the model 
developments: 
 
- Sketch mode to build models 
- Submodel mode to check submodel 
- Parameter mode to set or change parameters 
- Simulation mode to set simulation parameters, run it and check the results. 
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For the development of a detailed Level 2 model, this software has appeared to be 
more suitable than SimScape, because of having a higher number of libraries 
(column on the right of fig.2.6), each of which has got many components that 
cover for almost all the needs. Also the post-processing of results and graphs 
allows more user-friendly functions making it easy to compare and manipulate 
them. It must be said on the other side that those characteristics are more than 
covered in SimScape by the use of Matlab, which it is a package of. 
 
 
2.1.2  SimScape overview 
 
SimScape, fig.2.7, is the software used to carry out most of the project and many 
of its functions have been explored throughout.  
 
As already discussed before it is made of libraries, fig.2.8, that cover a wide range 
of fields like: 
 
- Electrical 
- Hydraulic 
- Magnetic 
- Mechanical 
- Pneumatic 
- Thermal 
- SimElectronics 
- SimHydraulics 
- SimMechanics 
 
 
SimHydraulics, SimElectronics and SimMechanics are extensions of the 
respective Hydraulic, Electrical and Mechanical, made of more detailed 
components. 
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Fig.2.7- SimScape interface 
 
 
 
Fig.2.8 - SimScape libraries 
 
 
Components like the ones shown in fig.2.9 can give an idea of how the software 
makes it easier and more intuitive to build a system when compared to “older” 
generation tools, without the need of writing all the equations behind them. 
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Fig.2.9 - SimScape Mechanical library, Translational elements 
 
 
All the equations, in fact, are stored under the shape of Matlab language behind 
each component. Fig.2.10 gives an example of the Translational Spring.  
The user needs only to specify some parameters regarding the geometric shape 
and the initial conditions, see block parameters in fig.2.11. 
 
 
Fig.2.10 - SimScape Translational Spring equations 
 
 
SimScape also allows changing these equations in case a slightly different 
component or functionality is needed. This has turned out to be really useful to 
simplify a part of the brakes. 
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Fig.2.11 - SimScape block parameters window 
 
 
Same process can be used also to create completely new objects, which existing 
libraries don’t supply. 
Objects are made of “ports” that can be mechanical, electrical, logical and that 
enable to connect all the system together. This is done on a Model Window that 
looks like the one in fig.2.12, which represents a simple mechanical model. 
 
 
Fig.2.12 - SimScape Model Window 
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After the building of the whole model, all the parameters of the simulation can be 
set in a separate Configuration Parameter window, fig.2.13. 
 
 
Fig.2.13 - Configuration Parameter window 
 
The right choice of the sample time and the simulation mode (variable step, fixed 
step, number of iterations per step, zero-crossing events) has been the central part 
in the achievement of the real time characteristic. 
 
 
 
2.2  Simplification and development process 
 
 
The process of simplification of the Level 2 model goes through a certain amount 
of assessments of each component of the whole system.  
This is done for two main purposes: first, to re-create and to validate that object, 
and second, to check if it can be suitable for a real-time simulation. 
These two steps are linked to each other, and sometimes there is the need to find a 
balance between a good validation and a fast running simulation. 
 
In this chapter, the simplification of each component is shown, and their 
functionality along with the reasons for necessary modifications are explained. 
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2.2.1  Power source 
 
As it has already been mentioned, the aim of this project is not to model the 
hydraulic power source of the BCS. Therefore the hydraulic source has been 
modelled with an ideal pressure source as for the Level 2 model. The object used 
is the Reservoir, fig.2.14, taken directly from the SimHydraulic library. 
 
 
Fig.2.14 - BCS Power source – Reservoir 
 
 
It gives the possibility to set the pressurization level, the initial fluid volume, 
return line diameter and the pressure loss coefficient in the return line, fig.2.15. 
It is actually a volume chamber and not a real power source, but since the only 
need is to have a fixed pressure as an output, it turns out to be more than 
sufficient. 
 
 
Fig.2.15 - Reservoir block parameters 
 
It can also be used in the case there is a pressure loss or a malfunctioning in the 
hydraulic system by changing the pressurization level. 
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2.2.2   Pressure Reducing Valve 
 
The Pressure Reducing Valve is used in hydraulic systems to ensure that the 
subsystem downstream of the valve sees lower pressure than the rest of the 
hydraulic system. 
 
 
Fig.2.16 - Pressure Reducing Valve 
 
As it can be seen from the schematic fig.2.16, the PRV monitors the pressure 
downstream, forcing the valve to close when it reaches a pre-defined value. 
 
 
Fig.2.17 - PRV block parameters 
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In fig.2.17 we can see the parameters that can be set for the PRV and in fig.2.18 
the way it works. 
 
 
Fig.2.18 - PRV functionality 
 
As long as the outlet pressure is lower than the Pset, the PRV remains fully open 
(Amax) and when it reaches the Pmax it closes to a minimum area, Aleak, that counts 
for leakage and keeps the numerical integrity between the two parts of the system 
it connects, which in that case would otherwise be separate. 
The passage from fully open to fully close is not sudden but is defined by a 
pressure regulation range, Preg, defined in the block parameter. 
By looking at the inside structure of the Level 2 Pressure Reducing Valve, it can 
be noticed already the simplification brought to the system. 
 
 
Fig.2.19 - Level 2 model PRV structure 
 
In fig.2.19, in fact, we can see the detailed structure of the valve as it appears in 
the Amesim library. When the outlet pressure in the left chamber reaches a preset 
value, it forces the spring on the right side and closes the orifices. 
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The PRV spool dynamics is lost by the simplification from the detailed structure 
of the Level 2 to the Level 1 model. 
The movement of the mass due to the forces on its sides and to the presence of the 
spring and friction forces is lost with the Simscape object functionality shown in 
fig.2.18. 
Tests have shown that the PRV dynamics can be neglected and that the simulation 
time could be reduced so that the simplification of the PRV can be justified. 
 
 
2.2.3  Alternate Refill Valve 
 
The Alternate Refill Valve (ARV), fig.2.20, is a shut-off valve with two positions 
and two ports. As all the shut-off valves it can be either open, letting the flow 
from supply to service, or close, forbidding the fluid to go through. 
 
 
Fig.2.20 - Alternate Refill Valve 
 
The value is externally commanded by an electrical ON/OFF signal.. 
There are two ARVs in the Braking Control System, one for the yellow circuit 
and one for the green one. 
Its main functions are: 
 
- to enable the accumulator refill; 
- to isolate the hydraulic circuit from the accumulator when not refilling. 
 
The Level 2 ARV is modelled with a simple spool commanded by an electric 
signal, fig.2.21. 
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Fig.2.21 - Amesim ARV 
 
It has been substituted in the Level 1 model by a 2-Way directional valve taken 
from the SimHydraulic library, fig.2.22. 
 
 
Fig.2.22 - SimScape ARV 
 
The fluid flows from A to B and the signal is given to port S. Fig.2.23 shows the 
tuneable values of the ARV. The orifice area is in linear relationship with the 
opening command. 
 
 
Fig.2.23 - ARV block parameters 
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In the case of the ARV the process of simplification is straight forward, since the 
dynamic is absent in both Level 2 and in Level 1 models. 
 
 
2.2.4  Selector Valves 
 
Selector valves are used in this model with the name of Normal Braking Selector 
Valves, NBSELV, and Alternate Braking Selector Valves, ABSELV. 
A selector valve is a valve with two positions and three parts, fig.2.24. 
It can be open or close, allowing the flow respectively from supply to service and 
from service to return. 
 
 
Fig.2.24 - Selector Valve 
 
It is electrically commanded by an external signal. 
Main functions of the NBSELV are: 
 
- to open the lines for the Normal Braking mode; 
- to isolate the Normal Braking manifold from the system. 
 
The two functions are complementary and they apply respectively when NBSELV 
is open or close. 
It is closed either when braking is not needed or when there is a failure in the 
Normal circuit, thus allowing the Alternate Braking mode to take control. 
 
The ABSELV has got the same functions for the Alternate mode: 
 
- it opens the lines for the Alternate Braking mode; 
- it isolates the Alternate Braking manifold from the system. 
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It is usually closed unless a failure in the Normal Mode occurs. 
Both selector valves connect the supply line to the servovalves and, through them, 
to the brakes. 
NBSELVs and ABSELVs have got exactly the same structure in this model. 
As for the PRV in the previous paragraph, selector valves in the Level 2 model are 
also built with a high level of detail. 
There is a detailed electronic part that commands the spool of the first stage, 
allowing the flow to go to one of the two chambers on the sides of the second 
stage. The valve piston, then, consequently moves in one or another direction, 
thus opening the service orifice or the return one, fig.2.25. 
 
 
Fig.2.25 - Amesim selector valve 
 
It can be seen in fig.2.26 how the selector valve responds to a step command from 
fully close to fully open.  
 
There is a little bit of dynamic that smoothens and delays the reaching of the 
supply pressure in the service line.  
From the response plotted in the bottom graph of fig.2.26, we can see that the 
dynamic of the selector valve can be substituted by a simple step without losing 
much in accuracy. But the delay between the command and the response has to be 
taken into account. 
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Fig.2.26 - Level 2 model Selector Valve dynamic – command and pressure 
 
With this assumption, both NBSELVs and ABSELVs have been simplified with 
the 3-Way valve from the SimHydraulic library, fig.2.27. 
 
 
 
Fig.2.27 - SimScape Selector Valve 
 
 
It is made of two Variable Orifices connecting respectively the supply line to the 
service line and the service line to the return line. 
The external command is given through the port S, which opens and closes the 
two orifices of the same amount. Areas are assumed to have a linear relationship 
with the displacement, i.e. orifices can be imagined rectangular. 
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There are three limitations brought by the substitution of the detailed selector 
valve with this simpler one: 
 
- spool loading, mass and inertia, such as its dynamic due to pressure or 
springs 
are not taken into account; 
- the first stage of the valve allowing fluid to the second stage is taken out; 
- the dynamic of the electric command is replaced by a simple command. 
 
The delay, originally given by the dynamic of the spool, has been initially 
replaced with a delay in the signal given to the orifices. 
 
 
Fig.2.28 - Selector Valve block parameters 
 
In fig.2.28 the settable parameters of the NBSELV and ABSELV are shown. 
After these simplifications the selector valve response follows exactly the step, 
fig.2.29. 
 
 
Fig.2.29 Simscape selector valve response 
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2.2.5  Shuttle Valve 
 
The Shuttle Valve, fig.2.30, is a valve that allows the flow to the service line from 
one of two supply lines depending on the pressure difference between them. 
 
 
Fig.2.30 - Amesim Shuttle Valve 
 
In the Amesim model pressures at port B and A, which represent the lines coming 
from the Normal and the Alternate servo valves, force the spool to move left or 
right, opening the respective orifice. 
 
 
Fig.2.31 - SimScape Shuttle Valve 
 
The shuttle valve main function is to allow the flow from either the Alternate or 
the Normal servovalve to the brakes without the need of an external command. 
 
 
Fig.2.32 - Simscape Shuttle Valve functionality 
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It has been simplified in SimScape with the Shuttle Valve taken from the 
SimHydraulic library, fig.2.31. 
The difference between the pressure at port A1 and the pressure at port A is 
calculated and the two orifices are opened according to the graph of fig.2.32. 
 
The passage from an orifice to be fully open to fully close is not sudden, but 
there’s a range of differential pressure where both are partially open. Aleak is the 
smallest area and it is taken into account not only to simulate the leakage but also 
to guarantee continuity for both the lines. 
 
 
Fig.2.33 - Amesim Shuttle Valve dynamic 
 
The differences with the Level 2 model are the absence of the mass and of its 
mechanical behaviour.  
 
 
Fig.2.34 - SimScape Shuttle valve behaviour 
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While, in fact, the detailed shuttle valve has got some dynamic when shifting from 
one line to the other, as shown in fig.2.33, the simplified Simscape model does not 
represent such dynamic behaviour, fig.2.34. 
Fig.2.35 shows the tuneable parameters for the SimScape Shuttle Valve.  
 
 
Fig.2.35 - Shuttle Valve block parameters 
 
 
2.2.6  Check Valve 
 
The Check Valve is a valve that allows the hydraulic fluid to flow only in one 
direction. 
It is usually represented with a moving ball forced by a pre charged spring 
towards an orifice, fig.2.36. 
 
 
Fig.2.36 - Check Valve 
 
Usually a cracking pressure or a spring pre-charge is set to define the differential 
pressure across the valve at which it begins to open.  
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Without losing details passing from the Level 2 model to the Level 1 one, the 
Check Valve from the SimHydraulic library has been used, which is modelled as a 
data-sheet-based model. 
Fig.2.37 shows the relationship between the pressure difference between A and B, 
see fig.2.36, and the respective orifice Area. 
 
 
Fig.2.37 – Pressure - orifice area relationship for Check Valve 
 
It can be seen that the passage from fully closed, apart from a small amount of 
leakage, to fully open is gradual and linear from pcrack to pmax. . In fig.2.38 the 
tuneable parameters are presented. 
 
 
Fig.2.38 - Check Valve block parameters 
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2.2.7  Accumulator 
 
An accumulator, fig.2.39, is a volume split by a piston into two chambers, one 
filled with gas and the other one with hydraulic fluid from the circuit. The gas has 
got an initial pressure that “pushes” the fluid into the circuit when it is needed. 
 
 
Fig.2.39 - Accumulator 
 
Its main functions in this system are: 
 
- to provide high pressure to the Alternate Braking mode when a failure 
occurs in the Normal one; 
- to provide high pressure for Park Braking mode when requested. 
 
Both in the Amesim and in the SimScape model, the mass and the inertia of the 
piston are not taken into account. In fig.2.40 tuneable parameters are shown. 
 
 
Fig.2.40 - Accumulator block parameters 
43 
 
In the BCS there are two accumulators, one for the Yellow circuit and one for the 
Green one. 
 
In the simplification for the passage from one model to the other, the effects of 
temperature on the gas are taken out, saving time for the calculation process. 
Other assumptions are that the gas compression is determined on the basis of ideal 
gases laws, the process is assumed to be polytrophic and there is no fluid 
compressibility. 
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2.2.8   Brakes 
 
As already explained in a paragraph above, the aim of the BCS is to provide 
braking to a series of eight wheels, four per main landing gear. 
On each MLG, the two brakes of the front wheels are commanded by the yellow 
hydraulic circuit and the two aft by the green one, fig.2.41. 
 
 
Fig.2.41 - Brakes 
 
Brakes transform the hydraulic power coming from the BCS into mechanical 
power through a series of pistons. 
 
 
Fig.2.42 - Brakes structure 
 
These pistons push two series of carbon plates against each other. One series is 
fixed to the landing gear, the stators, and one rotates with the wheel, the rotors. 
They are assembled alternatively, i.e. a rotating one and a fixed one, see fig.2.42. 
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When these actuators push the first plate, all the others compact together, thus 
creating a high friction that forces the wheel to slow down. 
In fig.2.43 there is a schematic representation of how brakes have been built in the 
Level 2 model. 
 
 
Fig.2.43 - Amesim Brakes 
 
The detailed modelling of the brakes is not the purpose of the BCS itself, which 
main functions are only to provide pressure to them. The way they work in reality 
is the object of a different design team within Airbus. 
That is why it is not necessary to represent the exact shapes, masses and inertias 
of rotating and fixed plates, as well as the way the friction between them is 
created. 
Such a complexity wouldn’t yield to further information on the BCS and would 
slow down the simulation. 
 
It can be seen in fig.2.43 that the piston receives the pressure from the circuit and 
forces the compression of a spring. The spring has a really high coefficient in 
order to simulate the stiffness of the plates and it begins to act after the gap shown 
in the figure is covered by the piston displacement. 
 
The brake is composed of five pistons, making the force around the plate as 
symmetrical and distributed as possible. 
 
The brakes are modelled in SimScape with five equal pistons that receive fluid 
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from the same line. In fig.2.44 a wheel supplied by the green circuit is 
represented. 
 
Fig.2.44 - SimScape Brakes 
 
Each of the pistons is then built in the same way as for the Level 2 model. There is 
a Single Acting Actuator, taken from the SimHydraulic library, a mass, a damper 
and a spring, fig.2.45. 
 
 
Fig.2.45 - Brake piston 
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There are also two scopes that will be used to validate the model, one to measure 
and plot the displacement of the actuator and one for the force acting on the rod. 
The force sensor is ideal; that means it doesn’t affect the dynamic of the brakes 
and it’s only used to extract that particular value. 
 
2.2.9  Brakes Spring 
 
During the development of the brake model, the representation of the spring 
hasn’t been straight forward. As it has already been said before, there’s a “gap” 
between the plates shown in fig.2.46.  
 
Fig.2.46 - Brakes spring 
 
That means that the spring remains uncompressed till the actuator displacement is 
equal to the gap. When this happens, the piston begins to compress the spring 
resulting in a resistive force. That corresponds to the state when all the plates, 
both rotating and fixed, are compressed together. 
 
 
Fig.2.47 - Spring Matlab code 
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The gap between the brake piston and the brake discs ensures that braking is not 
applied in case the non-commanded pressure varies. 
The other spring in fig.2.46, instead, is acting over the entire stroke and has a 
small stiffness coefficient. The spring keeps the piston in neutral position when 
braking is not applied. 
 
Since SimScape libraries do not provide a spring like that, the Matlab language 
behind a usual Spring has been modified. The code behind the Spring object is 
shown in fig.2.47. 
There are two parameters specified, the spring stiffness and the initial 
deformation, which is the data that the user can choose for its own purposes, see 
fig.2.48. 
 
The variable, instead, which is the displacement of the piston, can change during 
the simulation. The speed and the force is then calculated as a function of the 
displacement. 
 
 
Fig.2.48 - Spring block parameters 
 
 
The new object created has been named Gap Spring and it has been added to the 
existing Mechanical-Translational library. 
Two parameters have been added, see also fig.2.49: 
 
- the stiffness coefficient of the second spring  
- the gap of the spring 
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Fig.2.49 - Gap Spring block parameters 
 
As already specified above, one spring is much stiffer than the other. Values in 
fig.2.49, even if not the exact ones, give an idea of their magnitude.  
The equation for the force added in the Gap Spring editor in fig.2.50 is now the 
following: 
 
                                
                                              
 
 
 
Fig.2.50 - Gap Spring Matlab code 
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The force applied by the stiffer spring acts when the displacement reaches the 
value of x0+init_def, closing the initial gap. 
A simple test has been conducted to check the behaviour of the Gap Spring, 
fig.2.51. 
 
 
Fig.2.51 - Gap Spring evaluation test 
 
 
The platform that is built to test the Gap Spring component is composed of a 
constant force of 100 N, see the graph on the left in fig.2.52, and the spring acting 
on a mass of 1 kg, fig.2.51. 
We can see from fig.2.52 that the system becomes much stiffer after the gap of 2 
mm is closed; that’s, in fact, when the second spring starts to be compressed by 
the mass. 
 
 
Fig.2.52 - Gap Spring behaviour 
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2.2.10  Servovalves 
 
The development of the servovalves has been one of the most difficult parts of the 
work. As it has already been specified in the previous pages their model has been 
delivered in the form of a “black box”. 
 
A servovalve is a valve that regulates the pressure from the hydraulic supply 
according to an electrical command based on the brake pedal deflection. A typical 
structure of the servovalve is shown in fig.2.53 in the form of a flow control 
servovalve. 
 
 
Fig.2.53 - Servovalve with a flapper 
 
An electrical input generates a magnetic field that moves a flapper left or right. 
Proportionally to the amount of the flapper movement, an orifice connected to the 
service line is closed or open. 
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When the command for a certain pressure is given, the orifice area resulting from 
the flapper obstruction determines a higher or lower pressure on the two sides of 
the main spool, moving it in the respective direction opening the supply to service 
line or the service to return one. The new service pressure flowing through the 
orifice next to the flapper determines new pressures on the sides of the main 
spool. The spool stops moving and closes the supply and service orifices when the 
wanted pressure is reached in the service line. 
Nowadays, in many aircraft the flapper is substituted by an electrically 
commanded spool, taking the shape of a pressure control servovalve, fig.2.54.  
 
 
Fig.2.54 - Servovalve with a spool (NSV) 
 
 
When braking is commanded, a magnetic field generated by the electrical 
command moves the first stage spool, thus opening or closing the orifice that 
connects it to the main spool left side. The more this orifice is closed, the higher is 
the pressure upstream. On the other side the pressure comes from the supply line. 
The force difference between the two chambers moves the main spool allowing 
the flow to go through the service orifice or the return one. When the equilibrium 
pressure is reached, the spool closes the orifices again. 
In this Braking Control System it has been adopted the structure of this latter 
servovalve as it is a more usual solution than the former one. 
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All the validation process of the servovalve itself, which will be exposed later, 
proved the goodness of this decision.  
 
In this BCS there are two kinds of servovalves, the Normal Brake Servovalve, 
NSV, and the Alternate Brake Servovalve, ASV. 
The function of the NSV is to provide regulated pressure from the main hydraulic 
supply line to the wheel brake when Normal braking is commanded. 
The ASV has got the same function either when Alternate Braking or Park 
Braking is needed. 
 
The NSV and the ASV have got also a different structure from each other. While 
the NSV spool is controlled by pressures coming from the supply line, fig.2.54, 
the ASV one is controlled by pressures coming from the service line, fig. 2.55. 
 
 
Fig.2.55 - ASV 
 
This difference in the structure leads to a remarkable difference in their 
behaviours. 
Both of the servovalves, in fact, show a linear relationship between the current 
and the pressure reached in the service line, but when nothing is commanded, 
while the NSV remains closed, keeping the return pressure at its end, the ASV is 
slightly open, allowing a higher pressure than the NSV, see fig.2.56. 
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Fig.2.56 - NSV and ASV command-pressure relationship 
 
Moreover, when there is a loss of supply pressure, while the ASV follows the 
same curve, though reaching obviously a lower pressure at the end (fig.2.57 right 
graph), the NSV curve slope diminishes (fig.2.57 left graph). Moreover, while in 
the ASV there is a constant pressure gain, in the NSV it depends on the supply 
pressure. 
 
 
Fig.2.57 - NSV and ASV with different supply pressures 
 
The following modelling of both the NSV and the ASV starts from the hypothesis 
that they have got the same structure as fig.2.54 and fig.2.55, with a small spool 
instead of a flapper, and takes into account all the different behaviours shown 
above. 
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They have been built in SimScape making use of components already present in 
the libraries (SimHydraulics and Mechanical-Translational) and trying to recreate 
the same structures as shown in fig.2.54 and fig.2.55.  
 
 
Fig.2.58 - SimScape Normal ServoValve 
 
 
In fig.2.58 it is shown the NSV built in SimScape. Some simplifications have been 
made with respect to the real structure of a servovalve: 
 
- the electric command has been replaced by a signal; 
- the small spool has been simplified into an orifice that opens and closes 
according to the signal; 
- the main spool is a Double Acting actuator; 
- the Service orifice and the Return orifice open and close thanks to a Sensor 
that measures the displacement of the main spool and give them the 
corresponding signal. 
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Initially the small spool has been built in the same way as the main spool, but the 
complication brought to the model (there are twelve servovalves in the whole 
BCS) made it very hard to reach real-time simulations. 
The loss of the dynamic of the small spool, moreover, doesn’t affect the accuracy 
of the results. 
 
 
Fig.2.59 - SimScape Alternate ServoValve 
 
 
Same simplifications have been brought to the ASV, fig.2.59. Again, it can be 
spotted that while the pressures acting on the main spool come from the supply 
line in the NSV, for the ASV they come from the service line. All the validation 
process of the servovalves will be shown in the next chapter. 
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3  System Validation  
 
 
The validation of the Level 1 model against the Level 2 model is a complex 
process that goes through a certain number of steps. 
It starts from the validation of single components through the testing of standalone 
models, mainly brakes and servovalves, and ends with the whole system, adding 
more and more complexity to the model. 
The validation of the servovalves, both NSV and ASV, has been time consuming 
due not only to their complexity, but also to the fact that it isn’t possible to look at 
the parameters they have been built with. 
That is also why a long tuning process was necessary for each of the sub-
components, understanding how they affect the system behaviour and finding the 
correct tuning value. 
Also the parameters that turned to be satisfactory for the validation of the 
servovalves and the others sub-systems, need to be tuned again at this stage. 
 
 
3.1  Brakes validation 
 
 
It has already been seen in the previous chapter how the Gap Spring has been 
built. Next step of the brakes validation is the development of a standalone model, 
illustrated in fig.3.1.  
 
 
Fig.3.1 - Brakes standalones 
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The same sub-system has been built in both Amesim (left), using the same 
components of the Level 2 model, and SimScape (right).Both models are made of 
an ideal pressure source and brakes, which have got the structure shown in 
fig.2.44 and fig2.45. 
The first step for the validation is to give a constant pressure value. This gives the 
possibility to match the equilibrium position reached by the pistons in the two 
models and to tune the values of pistons areas, springs stiffness and initial 
deformations. 
 
 
Fig.3.2 - Pressure step-command 
 
In fig.3.2 the step pressure command is represented, which is the same for both of 
the models, and in fig.3.3 the response in the form of piston displacements and 
forces. 
 
 
 
Fig.3.3 - Pistons force and displacement for a step command 
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After validating it for a constant command, the constant command is substituted 
by a ramp command (fig.3.4) to double check the brake dynamics of both models. 
 
 
Fig.3.4 - Pressure ramp command 
 
 
 
Fig.3.5 - Pistons force and displacement for a ramp command 
 
The responses to the step command and to the ramp command show a satisfying 
accuracy if compared to the Level 2 model. 
Further tuning work will be needed, though, when all the components will be 
assembled to build the entire BCS system. 
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 3.2  Normal Servovalve Validation 
 
 
As for the brakes, a standalone version of the NSV was built in order to start the 
validation process. 
 
 
Fig.3.6 - NSV parameters 
 
Referring to fig.3.6, the main parameters that need to be set for the validation are: 
 
- main spool chamber areas, mass, spring stiffness and initial deformation, 
and damping coefficient; 
- service orifice area and initial opening; 
- return orifice area and initial opening; 
- fixed orifices A and B areas; 
- small spool orifice area. 
 
The standalone is made of an ideal pressure source, a NSV, a fixed volume 
chamber and a return line with its tank, fig 3.7. 
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Fig.3.7 - NSV Amesim and SimScape standalones 
 
The first step is to find out suitable values for all the parameters written above. 
This is done by giving the model different inputs in the form of step commands 
and trying to validate the output against its respective in Amesim.  
Supply and the return pressures are specified by the requirements and they are the 
same in the two models. The volume of the chamber is taken as a fixed value. 
Conditions to be matched at this stage are the pressure at zero-command, the 
equilibrium pressure and the dynamics, fig.3.8. 
 
 
Fig.3.8 - NSV response to a step commands 
 
We can already notice how the simplified model “loses” some dynamics during 
the transitory phases. The gain in terms of simulation time, though, is relevant 
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already at this stage. While the Level 2 model, in fact, is 4 times slower than real 
time, the Level 1 one is almost 10 times faster.  
 
At this stage, the Level 2 model is commanded with a current command and the 
Level 1 model with the displacement command that gives the same output 
pressures as the Level 1. This is done because the relationship between the current 
and the displacement is not known and has been found not to be linear. Fig.3.9 
gives an example of the current-displacement relationship taken from a previous 
servovalve model. 
 
 
 
Fig.3.9 Current-displacement and displacement-area relationships 
 
The process to find this relationship is explained in fig.3.10. The Amesim model is 
commanded with a certain current and the output pressure is a certain value of 
pressure. 
 
 
Fig.3.10 – Creation of a Look Up table Command-Opening 
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Since the relationship between current and displacement is not known yet, the 
SimScape model is commanded with many different orifice displacement 
commands, looking for the one that gives the same output pressure. 
The process is repeated for many different current values in order to build a look-
up table as in fig.3.10 that associates every current command with a displacement 
command. 
 
Fig.3.11 - NSV Command-displacement relationship 
 
The look-up table substitutes the command-displacement relationship of the Level 
2 model, see fig.3.11, and it is placed between the command signal and the orifice 
in the SimScape model, fig.3.12. The relationship between the spool displacement 
and orifice area is then linear, as shown in fig.3.9.  
 
 
Fig.3.12 - NSV Validation 
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3.3  Alternate Servovalve Validation 
 
 
The same process is followed for the validation of the ASV. The parameters to be 
worked out, shown in fig.3.13, are the same and are listed below: 
 
- main spool chambers areas, mass, spring stiffness and initial deformation, 
and damping coefficient; 
- service orifice area and initial opening; 
- return orifice area and initial opening; 
- fixed orifice area; 
- small spool orifice area. 
 
 
 
Fig.3.13 - ASV parameters 
 
 
The ASV standalone model is built in the same way as for the NSV, fig.3.14. 
Also the tuning process follows the same steps, considering the differences 
between the two servovalves. 
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Fig.3.14 - ASV standalone 
 
A look up table is finally created using the same method shown in fig.3.10. 
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3.4  Testing of Normal Servovalve and Brakes 
 
 
Before testing the whole system, it is decided to build a subsystem made of the 
NSV and the brakes, which are the most important part of the BCS. 
This decision was made to avoid the risk to have an error in the whole model and 
to simplify the tuning process, because of the high amount of parameters 
involved. The Volume Chamber in fig.3.7 is replaced by the validated brakes 
model. All the rest remains the same, see fig.3.15. 
 
 
Fig.3.15 - NSV and Brakes 
 
Like it has been done for the standalone model, at the beginning the model is 
stimulated with many different step input commands.  
 
 
Fig.3.16 - NSV-Brakes response to a step command 
67 
 
As it is expected, there is the need of a further tuning to validate this new model 
against the Level 2 one. 
In fig.3.16 the response of the models to two different commands is compared, 
showing a satisfactory correlation. 
The system is then validated by giving a ramp command that covers the whole SV 
current range, fig.3.17.  
 
 
Fig.3.17 – NSV-Brakes command 
 
It can be seen in fig.3.18 that after all the simplification process, the correlation 
between the Level 2 and the Level 1 model is still very good and the time saved 
for the simulation is reassuring for the final aim. 
 
 
Fig.3.18 - NSV-Brakes Response to a ramp command 
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3.5  Testing of Alternate Servovalve and Brakes 
 
 
The same model as fig.3.15 has been built for the ASV and it has been tuned 
again, like for the NSV, to match the service pressure for different input values. 
The behaviour is then checked by giving the same ramp command as fig.3.17. 
The validation against the Amesim model is shown in fig.3.19. 
 
 
 
Fig.3.19 - ASV-Brakes Response to a ramp command 
 
 
It can be seen that the correlation is very good apart from the loss of the dynamic 
during the first seconds of simulation. 
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3.6   Model Validation 
 
 
After the validations of the previous standalone models and subsystems, which are 
built with the most complex components like brakes and servovalves, next step is 
the assembly of the whole system. In fig.3.20 the Green circuit is represented. The 
Yellow one is exactly the same. The two circuits, then, are grouped in a 
subsystem. 
 
 
 
Fig.3.20 - Level 1 BCS Green circuit 
 
As it can be seen from fig.3.20, all the other components described in the previous 
sections have been added to the brakes and the servovalves. 
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A lot of tuning was necessary to get as close as possible to the Level 2 model 
results. 
Most relevant components, the ones that affect most the validation, are: 
 
- NBSELV  
- ABSELV 
- PBSELV 
- Shuttle Valves 
- Check Valves 
- Orifices between the servovalves and the brakes 
- Accumulator 
 
The parameters to be tuned for NBSELV, ABELV, PBSELV, Check Valves and 
Orifices are mainly the orifice areas, while for the Shuttle Valve the cracking 
pressure seems to affect quite a lot the overall behaviour. 
As starting values, the ones from the Level 2 model have been set, but due to the 
uncertainty of some of them, like servovalves parameters, some of them needed to 
be tuned. The results used to validate the whole model are the pressure and the 
flow values in the brakes. 
The command given to the servovalve is like the one in fig.3.22. It is a command 
that covers the whole current range, from zero to its maximum. 
 
 
Fig.3.22 - Servovalves command used for validation 
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In fig.3.23 and fig.3.24, the correlation of the pressure and the flow for the 
Normal Braking mode is shown, respectively. 
 
 
Fig.3.23 - Brakes pressure in Normal mode, validation 
 
 
 
Fig.3.24 - Brakes flow rate in Normal mode, validation 
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In fig.3.25 and fig.3.26, the displacement and generated force of the pistons in the 
brakes are shown. 
 
 
Fig.3.25 - Pistons displacement in Normal mode, validation 
 
 
Fig.3.26 - Brakes force in Normal mode, validation 
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Same command has been applied to the ASVs for the Alternate mode. In fig. 3.27 
and fig.3.28, pressure and flow rate at the brakes are presented. 
 
 
Fig.3.27 - Brakes pressure in Alternate mode, validation 
 
 
 
Fig.3.28 - Brakes flow rate in Alternate mode, validation 
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It can be seen a smoother angle at the top of fig.3.27. The Level 1 ASV, in fact, 
seems to be a bit slower than the Level 2 one to reach the commanded pressure. 
 
 
Fig.3.29 - Pistons displacement in Alternate mode, validation 
 
Fig.3.29 and fig.3.30 show again the pistons’ displacement and the force applied 
from the brakes in the Alternate Braking mode. 
 
 
Fig.3.30 - Brakes force in Alternate mode, validation 
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3.7   Real Time Simulation 
 
 
The achievement of a real time simulation is the last requirement to be met for the 
purpose of this work. It will allow the BCS model to run on a real time platform 
for Landing Gear testing.  
Real-time simulation is a necessity if the purpose is to simulate a system that 
responds realistically to its environment. Inputs and outputs must be given and 
updated by the system in the virtual world at the same time as in the real world. 
A model runs in real time when at every time during the whole simulation, the 
same time has passed in virtual and real world. 
Looking at fig.3.31, a simulation that follows the blue line is a real-time 
simulation while the green and the red one are not. 
 
 
Fig.3.31 - Real-Time characteristic 
 
 
It has to be mentioned, though, that the green one can be slowed down in order to 
follow the blue line and run in real-time. The simulation represented by the red 
line, on the other hand, even if faster than the green one over the 10 seconds, can’t 
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be treated in the same way, as at the beginning it crosses the blue line and 
therefore does not satisfy the real-time requirement. The only way in this case 
would be to bring some modification to the model in order to “remain under the 
blue line” during the whole simulation. Next paragraphs explain the process 
followed for the BCS model in order to reach this target and make a real-time 
simulation possible. 
 
 
3.7.1  Step Solver 
 
During the validation process a Variable step solver has been used. This is a 
solver whose calculation time is not constant during the simulation.  
It can slow down or speed up depending on the computational cost during every 
stage of the simulation. 
 If the state of the model changes rapidly the solver slows down because the step 
size is reduced while the model is executed; on the other hand if the model is in a 
steady condition it speeds up as the step size is increased and not many 
calculations are needed. 
Even if the variable solver can be very accurate at every point of the simulation, it 
can struggle with the pursuit of a real time simulation. 
After validating the model the first step is to switch to a Fixed step-Fixed cost 
solver. A Fixed step-Fixed cost solver conducts the calculation at a fixed rate, 
given by the size of the step. Fixed step solvers, though, are not able to solve 
algebraic loops and some modifications have to be brought to the model, see 
paragraph 3.7.2. 
The step size must be chosen taking into account the following: 
 
- it has to be able to capture the system dynamics accurately and minimize 
the amount of computation required per time step, without changing the 
step size; 
 
- the step size has to be small enough to be able to produce the same results 
as the Variable step solver simulation; 
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- the step size has to be large enough to permit stable real-time simulation, 
without losing the accuracy of the computation. 
Fixed step solvers available in SimScape are shown in fig.3.32. 
For the BCS model, it has been chosen the ODE1 solver, because it is the fastest 
among the available ones. 
 
 
Fig.3.32 - SimScape Fixed step solvers 
 
Important parameters to be chosen at this stage are (see fig.3.33): 
 
- simulation time step size; 
- number of solver iterations per step. 
 
 
Fig.3.33 - Sample time and nonlinear iterations 
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3.7.2   Algebraic loops 
 
As already mentioned, a fixed step solver can’t solve algebraic loops. An 
algebraic loop occurs in a SimScape model when a port input depends on one of 
the outputs. Typically, algebraic loops occur when there is a feed-back in the 
system like in fig.3.34. 
 
 
Fig.3.34 - System with an algebraic loop 
 
Some SimScape blocks have got input ports with direct feedthrough. These blocks 
can cause algebraic loops in a model. The software, in fact, cannot compute the 
output of these blocks without knowing the values of their inputs. In some cases 
the software manages to compute the right value of the algebraic loop, but the 
increase in computational time wouldn’t permit a real-time simulation. 
This is a problem found in the servovalves, both the NSV and the ASV, where the 
opening of the orifices depends on the displacement of the spool and the 
displacement of the spool depends on the pressure through the same orifices, see 
the loop highlighted in red in fig.3.35. Algebraic loops are usually broken by 
adding a state into the loop with an initial condition, avoiding slow iterations to 
calculate it. In this model, the Gain that amplifies the spool displacement signal 
from the spool sensor to generate the opening of the orifice, is replaced by a 
Physical Gain, provided by the Physical signals library, that breaks the algebraic 
loop by setting the initial opening of the orifice to the initial position of the spool. 
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The substitution is presented in fig.3.36. 
 
 
Fig.3.35 - Algebraic loop 
 
 
 
Fig.3.36 - Physical Gain 
 
The difference is that while in the first case the software tries to find an 
equilibrium value for the very first moment, in the second case the equilibrium 
value is already set to the initial position of the spool. It is now possible to switch 
to a fixed step solver. 
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3.7.3  Volume Chambers  
 
Last modification brought to the model is the addition of some Volume Chambers 
like the ones shown in fig.3.37 for the Green circuit. 
 
 
 
Fig.3.37 - Final BCS 
 
The volumes of these chambers are small and they don’t affect the behaviour of 
the system. Their function is to smoothen the transitory phases in many points of 
the system, permitting the software to calculate the right values within every step. 
 
Their use, then, by permitting a bigger step size, almost halves the time needed for 
the simulation and makes it possible to run the model in real-time. 
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3.7.4  Real-time achievement 
 
In the table below the results of the simulation times are shown, both for Level 2 
and Level 1 model, for a 6 seconds simulation. 
 
 
Fig.3.38 – Real-time results 
 
The simulation of the Level 2 model with a 0.004 s step size is taken as a 
reference (100 % of 5 min and 13 s) and all the other results are calculated as a 
percentage of this time. It can be seen that even a large step size in the Level 2 
model doesn’t change much the simulation time. The values of the step size and 
the number of iterations for the Level 1 model are the ones that give the best 
balance between results accuracy and simulation time.  
A larger step would lose accuracy and a smaller one would increase too much the 
simulation time. Same thing can be said for the number of iterations and 3 is the 
best compromise for simulations up to 0.0045 s step size. Last two simulations 
have been run with a step size of 10 ms, which is the step the platform work with. 
Both the simulations run faster than real time. It can also be seen the difference 
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between a variable step simulation and a fixed step – fixed cost one, the latter 
being much faster. 
There are three simulation modes available in SimScape: 
 
- Normal Mode; 
- Accelerator Mode; 
- Rapid Accelerator Mode. 
 
The Accelerator and Rapid Accelerator modes write a re-usable code before 
running the simulation, thus permitting a lower computational cost.  
 
It can be seen that only the simulation with the Rapid Accelerator mode takes less 
than 6 seconds. It has to be taken into account, though, that fig.3.38 results refer to 
Desktop simulation.  
 
It is strongly believed that simulation speed increases a lot when the model is 
implemented on the platform it is built for. 
The real-time requirement would be met, then, also in Normal and Accelerator 
Mode. 
 
In any case, the time saved thanks to the simplification process is more than 300 
seconds, and the percentage of the Level 1 computational cost to the Level 2 one is 
1.44. 
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Conclusions and Future Developments 
 
 
It has been shown that a Level 2 model, even if built with a high level of 
complexity, can be simplified to a point where it is capable of running in real-
time. 
The process used is not the only one that can be followed but has demonstrated to 
be quite reliable. In fact, not only computational costs have been reduced with a 
percentage of 98.56 %, but also results are very accurate if compared to the Level 
2 model.   
This has been possible thanks to a certain number of steps that go from the 
modelling and the validation of single components to the assembly of all of them 
to form the whole model. 
Such a process enables also the development of new libraries that can be used in 
the future development of new models. 
It is also illustrated the way servovalves as “black boxes” have been handled, by 
building standalone models and checking the response for different inputs. The 
study of these results, in fact, has permitted the representation of a similar 
behaviour. 
 
The software used to create the Level 1 model, SimScape, even if it hasn’t got 
components as detailed as the ones stored in Amesim libraries, has demonstrated 
to be very suitable for the purpose. 
It has shown high flexibility, for instance permitting the modification of the 
components internal Matlab code, high reliability, in terms of results accuracy, 
and high stability. 
It is believed that reaching real-time simulation would have been a harder task if a 
more detailed tool like Amesim had been used; on the other side, Amesim’s more 
complete libraries are more suitable for the building of a Level 2 model. 
 
Future developments of the present work could consist of the implementation of 
the BCS model in the real-time platform. In order to do that a suitable code must 
be generated and the model has to show high stability and reliability also for 
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possible malfunctions that might be tested. Further work and tuning on it might 
then be necessary. 
The model could also be co-simulated with a detailed mechanical brakes model in 
order to evaluate the actual force applied on the plates, their wearing, the 
deceleration of the wheels and, in general, to give a better understanding of the 
ground forces applied on main landing gears. 
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